The Agricultural Model Intercomparison and Improvement Project (AgMIP) has developed novel methods for Coordinated Global and Regional Assessments (CGRA) of agriculture and food security in a changing world. The present study aims to perform a proof of concept of the CGRA to demonstrate advantages and challenges of the proposed framework. This effort responds to the request by the UN Framework Convention on Climate Change (UNFCCC) for the implications of limiting global temperature increases to 1.5°C and 2.0°C above pre-industrial conditions. The protocols for the 1.5°C/2.0°C assessment establish explicit and testable linkages across disciplines and scales, connecting outputs and inputs from the Shared Socio-economic Pathways (SSPs), Representative Agricultural Pathways (RAPs), Half a degree Additional warming, Prognosis and Projected Impacts (HAPPI) and Coupled Model Intercomparison Project Phase 5 (CMIP5) ensemble scenarios, global gridded crop models, global agricultural economics models, site-based crop models and within-country regional economics models. The CGRA consistently links disciplines, models and scales in order to track the complex chain of climate impacts and identify key vulnerabilities, feedbacks and uncertainties in managing future risk. CGRA proof-of-concept results show that, at the global scale, there are mixed areas of positive and negative simulated wheat and maize yield changes, with declines in some breadbasket regions, at both 1.5°C and 2.0°C. Declines are especially evident in simulations that do not take into account direct CO 2 effects on crops. These projected global yield changes mostly resulted in increases in prices and areas of wheat and maize in two global economics models. Regional simulations for 1.5°C and 2.0°C using site-based crop models had mixed results depending on the region and the crop. In conjunction with price changes from the global economics models, productivity declines in the Punjab, Pakistan, resulted in an increase in vulnerable households and the poverty rate.
Introduction
Agricultural practices influence global climate change through emissions of greenhouse gases by land clearing, land-use change, animal husbandry, fertilizer application, tillage practices, fuel use and rice cultivation. At the same time, agriculture is affected by climate change at the within-country local-to-regional scale through effects of heatwaves, droughts and floods. Reduction of greenhouse gases through the agricultural sector is included in the Nationally Determined Contributions (NDCs) of many countries, and agricultural impacts are a major source of vulnerability and also a prime focus of many National Adaptation Plans (NAPs). How will global climate change processes and policies affect regional agriculture, and how does regional agriculture in turn affect the global scale? In this paper, we describe the goals, methodology and status of the Agricultural Model Intercomparison and Improvement Project (AgMIP) [1] Coordinated Global and Regional Assessments (CGRA) [2, 3] proof of concept and its initial methodology using Half a degree Additional warming, Prognosis and Projected Impacts (HAPPI) [4] climate scenarios and the Coupled Model Intercomparison Project Phase 5 (CMIP5) [5] transient simulations to respond to the request by the UN Framework Convention on Climate Change (UNFCCC) for information about the implications of limiting global temperature increases to 1.5°C and 2.0°C [6] .
AgMIP began in 2010 and involves approximately 1000 climate scientists, crop and livestock experts, economists and information technology specialists who conduct protocol-based activities to significantly improve projections of agricultural responses to major stresses [1] . The motivation for the CGRA comes from the multi-model ensembles of biophysical and socio-economic simulations done by AgMIP scientists, which have enabled extensive model intercomparison at, but generally not across, a range of scales based on farm-site networks and global grids (see also [7] ). AgMIP continues to focus on model improvements through protocol-based research on agricultural system components, including individual crops (e.g. wheat, maize, rice, sugarcane, canola and potatoes), soils, and pests and diseases. The complementary goal is to advance learning on the interactions of agricultural mitigation and adaptation by focusing on explicit and testable linkages across disciplines and scales. This is in contrast to the embedding of reduced forms of these linkages in integrated assessment models (IAMs) [8, 9] . To date, most agricultural modelling has addressed research questions within particular disciplines and scales (for exceptions related to policy assessment, see [10] [11] [12] ).
At the large scale, the AgMIP Gridded (AgGrid) crop modelling initiative, largely through its flagship Global Gridded Crop Model Intercomparison (GGCMI) project, has evaluated more than a dozen global crop models in historical validation tests, coordinated climate impact assessments, and conducted sensitivity and uncertainty studies [13] [14] [15] . Individual crop intercomparisons (e.g. wheat, maize, rice, sugarcane, canola and potatoes) have tested many models, with projects sometimes attracting as many as 30-40 different researchers, at multiple sites around the world [16] [17] [18] [19] . In close collaboration with the climate and crop-growth modellers, the AgMIP Global Economics Team has analysed and compared the economic consequences of different climate change impact and mitigation scenarios by means of more than 10 global economics models [20] [21] [22] . Interdisciplinary agricultural research at the global scale has been mainly constrained to the monodirectional information flow from biophysical crop modelling to economic modelling [20, 23] . This approach has enabled changes in crop yields at the global scale to be evaluated in terms of price and welfare effects. Coupled exploration for IAMs has been proposed using simplified climate and crop emulators informed by AgMIP results [7] .
At the regional scale (defined as within-country agricultural areas), the AgMIP Regional Integrated Assessment (RIA) project in sub-Saharan Africa and South Asia has developed new methods to conduct stakeholder-driven research linking climate, crop, livestock and economics models on impacts and adaptation in current and future climates [24] [25] [26] [27] . In this approach, multiple site-based crop models simulate the impacts of representative future climate scenarios, and regional economics models are employed to test farmer responses to climate-driven crop yield changes and to assess vulnerabilities of farm households.
In AgMIP CGRA, we build on this body of work by coordinating major modelling initiatives across disciplines and scales through the use of unified climate, socio-economic and agronomic assumptions [28] [29] [30] . Such explicit disciplinary and scale interactions enable improvements in simulated processes, such as improved crop yield projections for embedding in economics models, and validation for results from aggregated global models that may be interpreted meaningfully for the regions where agriculture represents a significant share of the economy. A multi-year process has created a conceptual framework for assessing global-and regionalscale modelling of crops, livestock and economics across major agricultural regions worldwide (figure 1) [2, 3] . This CGRA framework is designed to facilitate the production of consistent multi-model, multidiscipline and multiscale assessments of agricultural and food security impacts, including robust characterizations of uncertainty and risk.
In the CGRA framework, there are four dimensions: adaptation, mitigation, food security and agricultural policy. The context for these dimensions involves extreme events and shocks, current and future climate, and sustainable development. The overall research question is: How can the world's food system respond to climate change, as well as other shocks, such as economic crises and conflicts, in the context of sustainable development? Different initiatives within AgMIP address this and related questions by leveraging data and models to forecast regional and global food systems across time scales ranging from in-season monitoring to multidecadal impacts [13, 16, 24] . The AgMIP consortium is also working with nutrition scientists to incorporate metrics into assessments that go well beyond just calories, including dietary intake and nutrients [3] . Potential topics for CGRA assessments are: evaluations of adaptations such as genetics and resource management [31] ; mitigation options including biofuels, soil carbon, nitrogen management and livestock system transitions [32] ; food security issues such as diet standards and land use [33] ; and agricultural policy questions related to NDCs and NAPs as well as import/export controls and public subsidies [34] .
Different degrees of coordination can be identified across the CGRA assessment activities (see the first table in appendix A) from loosely coordinated to directly linked. 'Loosely coordinated' studies share a common set of climate, socio-economic and agronomic scenarios and assumptions. This enables comparative analysis of results across a wide range of studies. 'Directly linked' studies explicitly provide model outputs from one discipline and/or scale to be applied as inputs to other models from another discipline and/or scale.
The present study aims to perform a proof of concept of the CGRA for 
Scenarios and models (a) Climate scenarios
AgMIP CGRA research is being conducted using a wide range of climate and socio-economic scenario approaches [2] . One scenario approach embedded in AgMIP CGRA 1.5°C/2.0°C research is based on CMIP5 transient simulations of twenty-first century climate changes for Representative Concentration Pathway RCP4.5 [5] . This RCP4.5 transient approach allows a more explicit coupling of time frame and climate projections in the CGRA analyses. Another approach is the use of bias-corrected climate scenarios from 20-member ensembles of three HAPPI global climate models (GCMs), which enables an extensive assessment of impacts of extreme weather events in the agricultural sector at 1.5°C and 2.0°C [4, 35] .
The HAPPI simulations aim to reproduce the stabilized climate at 1.5°C or 2.0°C above preindustrial conditions, which stands in contrast to the RCP4.5 transient simulations that represent an emissions pathway developed for CMIP5. RCP4.5 was not designed to reach a specific climate stabilization and, therefore, application requires the identification of time periods within each GCM where global temperature is approximately 1.5°C or 2.0°C above pre-industrial conditions. Not all such GCM simulations achieve 2.0°C global warming, and those that do reveal an evolving climate trajectory in which a steady climatology is hard to characterize.
RCP2.6 transient runs help to explore one potential pathway for mitigation, underscoring the likelihood of a peak and decline in global temperatures for high-mitigation futures. The AgMIP Climate Team is comparing RCP2.6 and HAPPI [2] , and some related CGRA projects are using RCP2.6 (see row B in the first table in appendix A). AGCLIM50 Phase 2 is employing RCP1.9 for the 1.5°C climate realization and RCP2.6 for the 2.0°C climate realization [22] .
(b) Socio-economic scenarios: Shared Socio-economic Pathways and Representative Agricultural Pathways Shared Socio-economic Pathways (SSPs) and Representative Agricultural Pathways (RAPs) provide global and regional trajectories of non-climate factors for the analyses (see the second table in appendix A). The SSPs set the macro-and socio-economic global context with some agricultural information, but agricultural trends differ in the different realizations of the marker scenarios [29, 36] . RAPs are agriculture-specific extensions of the SSPs envisaging future agricultural policy and development for global and regional analyses [30] . At the regional level, the development of RAPs enables direct linkages to stakeholders, representation of different farming systems, and inclusion of analysis of many more variables, such as vulnerable farm households, livelihoods and poverty [30, 37] .
(c) Global and regional crop models
Global-scale evaluation of crop productivity is a major challenge for climate impact and adaptation assessment. Rigorous global assessments that are able to inform planning and policymaking benefit from consistent input data and assumptions across regions and time that use mutually agreed protocols designed by the modelling community [38] . The AgMIP GGCMI has built a community of researchers that collaborate to perform coordinated global and regional high-resolution impact assessments and model intercomparison studies. In turn, these improve GGCMI applications and understanding of climate impacts on global food production, as well 4.6) , is supported by database management programs for soil, weather, and crop management and experimental data, and by utilities and application programs [39, 40] . The crop models in DSSAT simulate growth, development and yield as a function of soil-plant-atmosphere dynamics, and they have been adopted for many applications ranging from on-farm management to regional assessments of the impacts of climate variability and climate change. DSSAT has been in operation for more than 20 years by researchers, educators, consultants, extension agents, growers, and policy-and decisionmakers in over 100 countries worldwide. SIMPLACE uses modular software architecture within standard technologies, which reduces the effort in model development and customization. The multithreaded high-performance architecture enables calibration and simulations at different spatial scales [41] .
GGCMI simulations were conducted using stabilization scenarios with bias-corrected daily input of HAPPI GCMs [4] . The trend-preserving bias-correction method [42] applied is adopted from the Inter-Sectoral Impact Model Intercomparison Project (ISIMIP2b) protocol [43] . These simulations calculated crop productivity for 600 years (3 GCMs × 20 ensemble members × 10 years each) for the present and future (1.5°C and 2.0°C) with GGCMI models and protocols. The large sample of simulation years allows for analysis of extreme yield losses and changes in the distribution of crop productivity in the baseline and the 1.5°C and 2.0°C scenarios (see row I in the first table in appendix A).
(d) Global and regional economics models
The role of global economics models in this study is to anticipate economic responses to changes in crop productivity, including changes in cropland area, crop mix, imports, exports, production, consumption and prices [20] . The current global system generally shows little flexibility in total crop consumption patterns compared with a future world without climate changes, adjusting all other economic variables to motivate production that satisfies demand and substituting abundant crops where similar crops had lower production totals. Changes in economic variables, specifically world prices of crops, are made available to the regional economics models. The CGRA proof-of-concept study utilizes the International Model for Policy Analysis of Agricultural Commodities and Trade (IMPACT) partial equilibrium model [44] and the Future Agricultural Resources Model (FARM) computable general equilibrium model [45] .
AgMIP applies the Trade-Off Analysis model for Multi-Dimensional impact assessment (TOA-MD) [46, 47] to implement the regional economic analysis for CGRA. The TOA-MD model is a parsimonious, generic model for analysis of technology adoption and impact assessment, and ecosystem services analysis. The TOA-MD model was designed to simulate technology adoption and impact in a population of heterogeneous farms. In the TOA-MD model, farmers are presented with a binary choice: they can operate with a current or base production system 1, or they can switch to an alternative system 2.
In a technology adoption and impact analysis, the model simulates the proportion of farms that would adopt the new or alternative system, as well as the impacts of the new system by simulating impact indicators defined by the user. The choice of system is based on the distribution of expected economic returns in the farm household population, so the predicted adoption rate can be interpreted as the rate that is economically feasible. The model can simulate the full range of adoption rates from zero to 100%, and thus can be helpful in studying impacts if other factors (e.g. financial or behavioural) constrain adoption. Impacts are estimated based on the statistical relationship between expected returns to the alternative system and outcome variables (e.g. economic, environmental or social outcomes). Regional prices are taken from the AgMIP global economics models for the different SSPs and/or mitigation scenarios.
The TOA-MD model assesses climate impacts by using an analogy to technology adoption. Farms cannot choose whether to have climate change or not, but if farms had such a choice, those that would choose to 'adopt' climate change are those who would gain from it; farms that would prefer not to 'adopt' climate change are those who would lose from it. An important implication of this model, when predicting a technology adoption rate, is that the rate is typically above zero and below 100%-it is rare for all farms to adopt a technology because in a heterogeneous population not all farms perceive it to be beneficial. The analogy to climate impact assessment is that there are typically both losers and gainers from climate change. The phenomenon of losers and gainers from climate change can be explained (at least in part) by the heterogeneity in the conditions in which the farms operate, such as soils, water resources, topography, climate, the farm household's socio-economic characteristics, and the broader economic, institutional and policy setting [48] .
3. Proof-of-concept assessment 
(a) Global scale
The global-scale simulations tested future 1.5°C and 2.0°C climate scenarios with and without mitigation policies (i.e. a carbon tax). Table 2 . Climate scenarios and assumptions of the AgMIP HAPPI proof-of-concept study. [4] ). HAPPI provides a framework for the generation of climate data describing how the climate, and in particular extreme weather, might differ from the present day in worlds that are 1.5°C and 2.0°C warmer than preindustrial conditions [4] . AgMIP CGRA has selected 2050 as the timing to be associated with the HAPPI climate projections [2] , in order to enable associated economic model simulations. This falls among the more rapid stabilization curves projected to achieve 1.5°C or 2.0°C climate realizations [49] .
The HAPPI results were processed to provide ensemble mean monthly change patterns for 1.5°C and 2.0°C for maximum and minimum temperature (and their standard deviations), precipitation and number of rainy days. HAPPI climate projections provide the basis for regional climate scenarios generated in combination with local observations following the AgMIP Climate Scenario Protocols [25] , as well as global scenarios for growing-season average temperature and precipitation changes for each of the four major crops (wheat, maize, rice and soya bean) for global crop model sensitivity analyses [2] . Figure 3 presents climate scenarios for wheat under 2.0°C across the ensemble median for all five HAPPI GCMs, revealing substantial regional differences (particularly for precipitation change projections) (see electronic supplementary material, figure S1 for climate scenarios for 2.0°C rainfed maize). Comparisons between HAPPI and transient simulations from CMIP5 [5] show that overall projections are consistent with a subset of the larger CMIP5 model ensemble [2] .
Climate scenarios and assumptions within this CGRA proof-of-concept study are consistent with the HAPPI guidelines to the extent possible (table 2) . Bias-corrected HAPPI climate scenarios provide additional realism due to substantial differences in extreme events between the 1.5°C and 2.0°C climate realizations [4, 35] . Climate scenarios in the proof-of-concept CGRA global crop simulations do not include explicit changes in extreme events, and therefore the effects of changes in extremes are not reflected in the economics model results.
(ii) Global crops
To project changes in crop yields at the global scale, multi-model ensembles were developed from HAPPI climate realizations and AgMIP GGCMI results. The HAPPI mean growing-season 
2.0°C rainfed wheat temperature and precipitation changes were located on yield response surfaces developed from AgMIP GGCMI sensitivity tests conducted under combinations of changes to CO 2 , temperature, water and nitrogen [2, 7, 13] . Results for the four major crops were projected for five GCMs under rainfed and irrigated growing conditions for 1.5°C and 2.0°C climate realizations, holding nitrogen levels at present conditions. Figure 4 shows rainfed wheat changes for the 2.0°C HAPPI scenario (see electronic supplementary material, figure S2 for the same results for rainfed maize). Regional differences are evident across the GCMs, but large-scale patterns are strongly influenced by the global gridded crop model (GGCM 
2.0°C rainfed wheat with CO 2 effects (a) Figure 5 compares differences between the 1.5°C and 2.0°C climate realizations and the three GGCM projections (for the CanAM4 climate scenario) for rainfed wheat with and without direct effects of CO 2 (see electronic supplementary material, figure S3 for results for rainfed maize). When direct effects of CO 2 are taken into account, yield is higher in 2.0°C compared to 1.5°C in many locations due to the effect of higher CO 2 concentrations. In simulations without CO 2 effects, crop yields associated with 2.0°C are lower in many regions of the world than with 1.5°C. The range between these projections represents the limits of uncertain CO 2 effects across different crop species and farming systems, which is a persistent challenge for crop models given that experimental results are limited to a relatively small set of regions and conditions [50] [51] [52] [53] .
(iii) Global economics
The GGCMI crop yield changes derived from the AgMIP HAPPI without mitigation policies (the latter imposed through a carbon tax). Figure 6 is an example of these results, showing global price and area changes for maize and wheat under 2.0°C. Results show uncertainty in world commodity price changes without a carbon tax simulated by the two global economics models associated with the exogenous climate shocks produced by the five HAPPI GCMs, each simulated by three GGCMs (GEPIC [54] , LPJmL [55] and pDSSAT [56] ). Maize prices increase in all three GGCMs in IMPACT, while in the FARM economics model for pDSSAT and GEPIC prices increase and decrease slightly for LPJmL. Wheat prices increase for the pDSSAT and GEPIC simulations, while simulations driven by LPJmL have higher CO 2 effects leading to higher production and a reduction in prices. Maize area increases across all GGCMs and both global economic models. The FARM model has lower wheat price changes than IMPACT, but differs in the associated pressure on land use (small changes except for reduction in wheat area for LPJmL). Results in the FARM model with mitigation show much greater increases in prices (+20% for maize and wheat) and large decreases in crop areas (−16% for maize and −14% for wheat).
(b) Regional scale
The motivation for the coordinated simulations at the regional scale are to explore the effects of global mitigation policies (e.g. carbon tax) and local ones (e.g. introduction of biofuel crops and adoption of no-till cultivation), and the impacts of climate change on regional farming systems and farmer livelihoods. Regional approaches also incorporate more detailed information about local climate, cultivars, management and household economics [57] . the AgMIP mean-and-variability approach developed for the RIAs in sub-Saharan Africa and South Asia [25] . Historical observations, from either local weather stations or AgMERRA (the Agricultural applications version of the Modern-Era Retrospective analysis for Research and Applications) [58] , were adjusted to match the new temperature distributions; the method maintains the shape of the precipitation distribution, while changing the number of rainy days. The result is a 31-year weather series for each GCM scenario (see figure 7 for mean monthly temperature (°C) and mean monthly precipitation (mm) for observed and projected 1.5°C and 2.0°C assessments for Bahawalnagar, Punjab, Pakistan and Nioro, Senegal).
(ii) Regional crops
The AgMIP HAPPI 1.5°C and 2.0°C downscaled climate scenarios were employed in DSSAT simulations for the agricultural regions of the Punjab, Pakistan at five sites (Bahawalnagar, Bahawalpur, Lodhran, Multan and Rahim Yar Khan) and Nioro, Senegal. (The SIMPLACE model was also operated for Senegal.) An additional analysis of farming systems in the US Pacific Northwest used the DeNitrification DeComposition (DNDC) model [59] . Methods (inputs, calibration and validation) for the regional crop and economics model simulations in Pakistan, Senegal and the US Pacific Northwest are described in Ahmad et al. [60] , Adiku et al. [61] and Antle et al. [62] , respectively. The CGRA framework allows exploration of uncertainty in projections of the biophysical impacts of HAPPI climate scenarios as simulated by a locally calibrated crop model (DSSAT) and global gridded crop models from GGCMI. Figure 8 compares results from the five GCMs for Punjab wheat and Nioro maize. The global gridded version of DSSAT (pDSSAT) agrees most strongly with the local projections for both regional crops. GEPIC and LPJmL projections are much less pessimistic about maize production, while LPJmL is optimistic about wheat. (iii) Regional economics
The TOA-MD tested the following hypotheses:
H1: Global mitigation efforts to achieve 1.5°C will have quantifiable impacts on farm households in low-and high-income countries and on achieving sustainable development goals, through effects of mitigation policies and prices (MPP), cost of production, land use and trade (H1 was tested in Punjab, Pakistan). H2: In countries with mitigation policies, farm households will benefit from participation in mitigation activities and will contribute to net greenhouse gas mitigation and other sustainable development goals (H2 was tested in the US Pacific Northwest).
The AgMIP RIA approach [27] quantified the impacts of 1.5°C and 2.0°C global warming and global mitigation policies and associated price changes on regional farming systems by answering the following RIA questions: TOA-MD estimates the changes in key economic indicators such as the average impact on farm income, vulnerability of farm income to loss (e.g. the percentage of the population expected to lose farm income and the magnitude of the losses) and changes in poverty indicators (e.g. headcount poverty rate and poverty gap). Other environmental and social indicators can be included given available data, including changes in food security indicators (e.g. proportion of the population consuming a nutritionally adequate diet) and greenhouse gas emissions.
Punjab, Pakistan. In the Punjab region of Pakistan, output data from a global economics model (i.e. IMPACT) represented the likely impacts of global mitigation policies on wheat and cotton prices under 1.5°C and 2.0°C scenarios by 2030 and 2050 (table 4). The analysis shows that, in the near term, the overall impact of changes in crop yields, prices and costs of production on farm income is small with the 2.0°C, resulting in a slightly negative change in net farm income (between −1% and −3% on average across the different districts in the Punjab region). The longer-term analysis shows a more negative picture for the Punjab region in Pakistan. Between 63 and 73% of households are vulnerable to losses; net farm income might be reduced between 10 and 21%, with net economic losses up to 41% of farm income. These conditions can increase poverty rates by 12-38%, demonstrating that the severity of impacts differs across the five districts tested in the Punjab region. The impacts in the near term (2030) are much smaller than the longer term (2050) when the impacts of climate change on crop yields are larger; price increases also tend to be larger but may not offset yield losses. See figure 8 for regional crop results for Punjab, Pakistan. Table 5 presents results addressing the two hypotheses H1 and H2 in the context of question 1, based on an analysis of the wheat-based production system in the US Pacific Northwest [63] . It evaluated the introduction of the biofuel oilseed crop Camelina sativa into the rainfed winter wheat-fallow system and the adoption of no-till cultivation for wheat. In the scenario presented here representing the near term (2020-2030), crop yields are assumed to be increased by higher CO 2 in the atmosphere and a warmer, wetter winter wheat growing season; and wheat prices and costs of production are assumed to increase due to mitigation policies. The analysis considers two domestic mitigation policy options. One is to support the development of a market for camelina as a biofuel with a relatively favourable price; the other is to pay farmers for net reductions in soil-based greenhouse gas emissions. The analysis was implemented with simulations of an agroecosystem model (DNDC) to estimate crop yield and soil emissions, combined with a life cycle analysis to evaluate overall impacts on the global warming potential (GWP) of the change in system. The economic analysis was implemented using the TOA-MD economic impact assessment model parametrized with farm-level agricultural census data. Table 5 . Projected adoption rates and impacts of a winter wheat-fallow-camelina cropping system by farmers currently following a wheat-fallow rotation in the US Pacific Northwest. Note: Scenarios represent prices of wheat, camelina and carbon offsets [63] . GWP, global warming potential. Table 5 presents results from two scenarios, one with low wheat, camelina and carbon offset prices, and the other with high prices [63] . These two scenarios span plausible ranges of crop prices projected by global IAMs, and plausible values for biofuel crop and carbon offset prices in a policy environment supporting low greenhouse gas emissions. The analysis shows that between 40 and 75% of farms could benefit from changing from the winter wheat-fallow system to the alternative system, depending on their size, location and the productivity of the alternative practices, and the price and policy regime. For those farms that would adopt, a favourable policy environment could generate a win-win outcome, with farm incomes substantially increased and with greenhouse gas emissions substantially reduced. In the high-price scenario, the farming system transitions from a net source of soil emissions to a net sink, and the GWP of all activities associated with the farming system is reduced by 35%.
US Pacific Northwest.

(c) Synthesis of Coordinated Global and Regional Assessments proof-of-concept results
At the global scale with direct effects of CO 2 taken into account, there were mixed areas of positive and negative simulated wheat and maize yield changes, with declines in some breadbasket regions. Without CO 2 effects, production declined in all model combinations for both climate realizations. Overall, higher CO 2 concentrations have a beneficial effect that leads to higher yields for 2.0°C, but substantial uncertainty in CO 2 response underscores the potential for lower total production given slightly higher temperature and more pronounced precipitation changes. Results for maize, which as a C4 crop has a lower response to CO 2 concentrations, are predominantly negative in pDSSAT, with mixed to positive yield changes in GEPIC and LPJmL. With 2.0°C maize yield changes are more negative than those of 1.5°C in many places of the world, both with and without CO 2 effects. These global wheat and maize yield changes resulted primarily in increases in prices, with greater increases at 1.5°C compared with 2.0°C, and increases in land area for these crops, especially maize. The regional crop simulations, with CO 2 effects taken into account, showed that maize yield declines for the most part were greater at 2.0°C than at 1.5°C in Nioro, Senegal. In Pakistan, wheat yield declines were similar in both 2.0°C and 1.5°C. In conjunction with price changes from the global economics models, productivity declines in the Punjab, Pakistan, resulted in an increase in vulnerable households and in the poverty rate. In the US Pacific Northwest, the introduction of a biofuel oilseed crop generated a win-win outcome, with farm incomes increased and greenhouse gas emissions reduced. Further analysis is needed to test results at the two scales at multiple locations.
Cross-disciplinary and scale issues
A number of cross-disciplinary and scale issues arose during the CGRA proof-of-concept study. (a) Timing: climate, crops and economics Coordinated timing is a critical need for cross-disciplinary assessment. A key issue is the setting of the timing for the agricultural sector simulations. HAPPI climate scenarios are based on a current period and future climate equilibrium, with both 1.5°C and 2.0°C placed in a 2106-2115 time horizon constrained by sea surface temperatures and greenhouse gas concentrations; however, these simulations are not strongly connected to this decade and can potentially be used as a timeless representation of these new equilibrium worlds [4] . One exception appears to be a reduction in aerosol pollution assumed for South and East Asia (see row B in the first table in appendix A, and ref. [4] ). Likewise, crop yield projections in CGRA are similarly timeless in their comparison of the current climate with a scenario of future climate while holding farm management and technology steady.
There are also difficulties in estimating economic and technological trends affecting agricultural markets past the middle of the century. Pathways of socio-economic development, policy priorities and technological advances are inextricably linked to their transient evolution. It follows that a 1.5°C equilibrium in 2030 would force the agricultural sector to face a different set of challenges than would be present if the same equilibrium were to arrive in 2050, 2070 or 2100. The bulk of AgMIP economic assessments do not extend beyond 2050 because the estimation of RAPs [30] encompasses assumptions on scales comparable to the overall differences with today, making longer-term projections more uncertain [20, 21, 27] . In AGCLIM50 Phase 2 [22] and the Energy Modeling Forum [64] , some global economics models will provide results to 2070 and 2100, respectively.
The CGRA proof-of-concept assessment places the 1.5°C and 2.0°C equilibria in 2050, allowing the climate signal to be contrasted on the same time horizon; however, it is important that this time horizon be contextualized given mitigation pathways, potential overshoots in mid-century temperatures and studies that adopt alternative assumptions. A further step is to compare results driven by the newer versions of the HAPPI GCMs to crop and economics model results driven by previous GCM versions in earlier AgMIP assessments.
(b) CO 2 levels: climate and crops
The HAPPI CO 2 level for 2.0°C (487 ppm; compared with 390 ppm in 2010) is high relative to 2050 RCP2.6 levels (443 ppm) and therefore results in yield differences due to crop model responses to carbon dioxide through photosynthetic and crop water use efficiency mechanisms [65] [66] [67] [68] . Just as each climate model has a distinguishing climate sensitivity (relationship between CO 2 and global temperature) [69] , the HAPPI CO 2 effects on crop model responses merit further investigation.
For crop models, there is active research on how well CO 2 physiological effects are captured in the current parametrizations (e.g. [50, 66] ). Some crop models simulate the effects of nitrogen deficiencies on realization of CO 2 responses (e.g. pDSSAT, EPIC, GEPIC and PEGASUS) and these tend to project much more severe impacts from climate change [15] . It is well known that the strengths of CO 2 physiological effects vary by crop type (C3 and C4), but there is variation among the crops in each of these types [51, 52] . A continuing CGRA research issue involves how to represent CO 2 fertilization effects in the wider range of crops included in the economics models.
(c) Extreme events: climate, crops and economics Changes in the distribution of extreme events can be analysed in the HAPPI and CMIP5 climate scenarios. However, the method that created the climate scenarios for the GGCMI crop modelling does not shift inter-annual distributions. At the local level, stretched distributions allow for changes in the frequency and magnitude of extreme temperatures or the number of rainy days [25] . All disciplinary groups are working on advancing in this area. Some of the global economics models are beginning to put in year-to-year variability [70] , but these efforts have not yet come to full fruition. Some IAMs are starting to add crop responsiveness to shifts in the number of degree days. GGCMI efforts employing bias-corrected daily HAPPI inputs allow for a more thorough assessment of changes in the distribution of extremes [35] .
(d) Interactions of global and regional economics
In the course of the CGRA proof-of-concept assessment, the need for national-scale analyses emerged as crucial. Global models provide contextual boundaries and summarize broad trends for regional economics modelling; often, they are not able to represent subnational behaviour that is not always generalizable. Regional TOA-MD simulations were driven by broad regional prices (e.g. African maize prices), which can differ from global prices according to supply, demand and import/export costs, but are at a broader scale than is desired for many local analyses. Countrylevel modelling is needed to bridge the gap between global economics models and the subnational models in the CGRA. To respond to this need, global economics models are becoming more disaggregated than in the past, presenting more results at the national level.
As many decisions and investments are made on a national scale, the lack of availability of national-scale data and outputs continues to be a bottleneck for both national and regional assessments. Country-level modelling would help to downscale global model results, and such national-level modelling is more readily usable by the subnational-level models. Conversely, CGRA also provides the opportunity to aggregate and summarize subnational modelling to a country scale. These national aggregations can then inform global economic models. Across all scales, policy assumptions need to be clarified and SSPs need to be matched to regional RAPs developed with stakeholders.
(e) Mitigation and adaptation
For global agricultural mitigation, the main mechanisms studied in the IAMs are reduction of direct non-CO 2 emissions from agriculture, reduction of CO 2 emissions from land-use change and forest sink enhancement, and biomass for energy production. At regional scales, increasing soil organic carbon is of active interest. There needs to be much more interaction between the global and regional scales to determine how farming systems could and would actually adopt mitigation practices, and conversely, how mitigation in agriculture could conflict with or benefit local adaptation needs. The 1.5°C and 2.0°C worlds include effects of both mitigation and direct climate impacts, and thus associated adaptation interventions need to be taken into account.
(f) Interaction of global crops and economics
While AgMIP continues to focus on the intercomparison of agricultural models and the development of subsequent improvements, the CGRA aims to facilitate the best possible interchange of information between disciplines and scales. The GGCMI has so far focused on the four major crops, as these can be simulated by a broad range of models [13, 14] . The translation of climate change impacts on crop yields, as simulated by GGCMs, to climate change impacts on agricultural commodities, as simulated in economics models, requires mapping between entities that is increasingly complicated if information is only available for a limited number of crops [23] .
Within the GGCMI ensemble, some crop models can provide simulations for a broader set of crops (see also [15] ) and managed grasslands [71] , so that economics models could be much better informed in a coordinated simulation of climate change impacts on an as-broad-as-possible set of crops and grasslands. The evaluation of less-prominent crops and livestock remains a challenge, and if certain crops can only be simulated by a single or a small number of models, the crop model-specific uncertainty cannot be assessed. In general there are fewer livestock models in both global and regional scales. 
Conclusion
Along with the continuing undiminished focus on model improvement through multi-model ensembles for individual crops, livestock, soils and their embedded processes, regional farming systems and global economics, a new complementary focus of AgMIP is the creation of protocols for CGRAs. CGRA results will have direct implications for international climate policy, national mitigation and adaptation planning, and development aid with a focus on food security. The extension of AgMIP to encompass improvement of linkages across scales and disciplines will help to make its research relevant to a wider range of agricultural stakeholders, in both developing and developed countries.
The multiple-model approach at each stage of the CGRA is important because it demonstrates that there remains considerable uncertainty in climate impact results, both in direction and magnitude of change and in geographical patterns. Characteristics of these uncertainties can be traced back to their origins in climate models (which often dictate regional patterns), crop models (which determine large-scale responses to temperature, precipitation and CO 2 ) and economics models (which translate production changes into price and area changes). Furthermore, the wider perspective that cross-scale intercomparison studies provide also helps to illustrate and communicate to users of climate impacts information that the results of individual models or studies are uncertain, while ensemble approaches provide more robust information. This is an important contribution of the AgMIP intercomparison programme. Furthermore, the CGRA approach enables multiple spin-off analyses to test the sensitivity of results to key assumptions and to consider interactions of processes and realism of projections across disciplines and scales.
Results from the HAPPI 1.5°C and 2.0°C climate scenarios show the potential for higher prices globally and substantial regional disruption to production, prices and land use. Future impacts are also affected by the costs of mitigation policies on the agricultural sector, which may overwhelm the direct biophysical impacts of these relatively small climate changes. CGRA findings will also inform and improve integrated assessment modelling, nitrogen and carbon cycle modelling, and projections of mitigation and adaptation impacts on land, water resources, ecosystems and food security. 
